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Abstract
In this paper, a D33-mode piezoelectric micro-accelerometer with Pb1.1(Zr0.52Ti0.48)O3(PZT) thin film is designed, fabri-
cated and tested. Both the polarization and deformation directions of the piezoelectric thin film are horizontal in this
structure. With the high sensitivity and natural frequency, the D33-mode piezoelectric micro-accelerometer possesses
improved practicality. The influence of filling factor (C) and interdigital electrode width (b) on the output voltage is
analyzed in this work. The micro-electro-mechanical systems technology is then used to fabricate the piezoelectric
accelerometer device, which is based on the Sol–Gel PZT piezoelectric thin film. Performance of the piezoelectric
accelerometer micro-devices with the different C and b is tested on the vibration table. The experimental results show that
the sensitivity of D33-mode piezoelectric accelerometer is inversely to the filling factor and interdigital electrode width.
The piezoelectric accelerometer with a filling factor of 0.5 and an interdigital electrode width of 5 lm can generate an
output voltage of 149.83 mV.
1 Introduction
The previous decades have witnessed rapid innovation in
information technology. As the core of detection and
measurement, sensors fabricated by the MEMS technology
have gained applications in the fields of industrial inspec-
tion, wireless communication, aerospace and personal
consumer electronics in recent years. Since the first
miniature accelerometer came out in 1977, various MEMS-
based accelerometers for detection have been proposed,
including capacitive, piezoresistive, piezoelectric, tunnel
current and resonant accelerometers (Chen et al. 1997;
Sankar et al. 2012; Liu et al. 2014; Kubena et al. 1996;
Zhao et al. 2016). Among them, piezoelectric accelerom-
eters have captured many attentions due to their good
dynamic performance, low power consumption and fast
response (Iula et al. 1999; Noury 2002; Chang et al. 2010;
Zhang et al. 2010).
In 1997, Devoe and Pisano (1997, 2001) developed an
uniaxial micro-accelerometer with zinc oxide (ZnO) as the
piezoelectric material for sensing. The sensitivity and res-
onant frequency of the accelerometer were measured to be
0.21 pC/g and 3.3 kHz, respectively. In 2002, Wang et al.
(2002, 2003) developed a ring-shaped piezoelectric
accelerometer. The accelerometer was based on a 5.6 lm
PZT piezoelectric film prepared by the Sol–Gel approach.
Compared with the ZnO piezoelectric film, the PZT
piezoelectric film has higher piezoelectric coefficient. In
addition, the piezoelectric coefficient is in proportion to the
film thickness. Thus, thicker PZT film can effectively
improve the sensitivity of the device. The sensitivity of
their accelerometer ranged from 0.77 to 7.6 pC/g for dif-
ferent dimensions. In 2004, Zou et al. (2004, 2008)
developed a highly symmetrical four-cantilever beam
accelerometer, and each cantilever beam contained two
piezoelectric film elements for sensing. This configuration
can eliminate the film rupture caused by the expansion
coefficient mismatch between the adjacent films. In addi-
tion, parallel connection of the bimorph films can also
increase sensitivity of the device. This micro-accelerome-
ter could detect the acceleration in the uniaxial (z-axis) and
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the triaxial (x-axis, y-axis and z-axis) directions. However,
the sensitivity was relatively low. Sensitivity of x-, y- and
z-axis was 0.39, 1.13, and 0.88 mV/g, respectively. In
2011, Shanmugavel et al. (2011) developed a micro-ac-
celerometer with interdigital electrodes deposited on the
cantilever beam using low-resistance silicon and silicon-
on-insulator (SOI), respectively. This accelerometer
showed good output performance and a wide working
frequency. However, the specific value of sensitivity was
not mentioned in their work, which is a critical parameter
to evaluate the performance of an accelerometer. In 2014,
Donghwan et al. (Kim et al. 2014) developed a micro-
accelerometer. The device was comprised of a bulk-silicon
cylinder at the center that was connected to six silicon
cantilevers on which the piezoelectric thin film materials
and interdigital electrodes were deposited. The filling fac-
tor of the interdigital electrode is the main geometrical
parameter to influence the signal to noise ratio of the
micro-device. Although many MEMS-based piezoelectric
accelerometers have been studied, there are still many
improvements need to be done in terms of the device
structure, sensitivity, piezoelectric film, and piezoelectric
property measurement. The cantilever structure in most of
piezoelectric micro-accelerometer is a ‘‘sandwich’’ where
the bottom electrode, piezoelectric material, top electrode
are deposited on the cantilever beam one by one. When
acceleration is applied, movement of the seismic mass will
induce an extensive or compressive deformation of the
cantilever beam in the horizontal direction. Surface charge
is generated on both top and bottom of the piezoelectric
material that are deposited on the cantilever beam. How-
ever, the sensitivity in the horizontal direction of the D31-
mode piezoelectric accelerometers is generally not satis-
factory due to the limited deformation in the horizontal
direction. To improve the sensitivity in the horizontal
direction, a piezoelectric accelerometer structure based on
the D33-mode is introduced in this work. Both the polar-
ization and deformation of the piezoelectric thin film are in
the horizontal direction. In addition, the longitudinal
piezoelectric coefficient d33 of the PZT material is much
higher than its transverse piezoelectric coefficient d31,
decreasing the requirement on the thickness of the piezo-
electric materials in fabrication of the micro-accelerometer.
For the same thickness of the piezoelectric materials, the
D33-mode accelerometer can output a stronger voltage
signal than the D31-mode accelerometer. Thus, the D33-
mode could improve the sensitivity of the piezoelectric
micro-accelerometer with the unaffected natural frequency,
increasing the practicality of piezoelectric micro-
accelerometers.
Fig. 1 Structure of the D33-
mode piezoelectric




of the D33-mode piezoelectric
accelerometer. c The
polarization and deformation
directions of the piezoelectric
thin film
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2 Device design and finite element method
simulation
The D33-mode piezoelectric accelerometer consists of one
seismic mass and four suspended cantilever beams on
which the four piezoelectric thin film sensing elements are
deposited. Both the polarization and deformation directions
of the piezoelectric thin film are horizontal, as shown in
Fig. 1c. Upon an acceleration or inertial force, the seismic
mass will move along the vertical direction, leading to a
horizontal direction deformation of cantilever beam and
PZT thin film. Certain amount of bounded charges is
generated on the piezoelectric thin film due to the piezo-
electric effect, and the bounded charge is collected with the
interdigital electrodes. The sensitivity of accelerometer can
be obtained in terms of the output voltage signals.
Theoretical analysis is done to predict the sensitivity and
natural frequency of the D33-mode piezoelectric
accelerometer. The whole structure of the D33-mode can be
regarded as composed of many interdigital electrodes in
parallel. To simplify the analysis, the filling factor C is
used to represent the volume ratio of the effective piezo-
electric part to the whole element in a cell, i.e. C is
expressed as the ratio of the distance between two adjacent
interdigital electrodes and the distance between the centers
of two adjacent interdigital electrodes, which is,
C ¼ d
d þ b ; ð1Þ
where d is the width between two adjacent interdigital
electrodes, and b is the width of a single interdigital
electrode.
The charge generated due to the deformation of the
piezoelectric material can be derived as,















where Ep is the Young’s modulus of the PZT thin film, hPZT
is its thickness, w and l are the thickness and length of the
cantilever beam, respectively, and m0 and g are the mass of
the seismic mass and the gravitational acceleration,
respectively.





d þ b ; ð3Þ
where e33 is the effective dielectric constant of the piezo-
electric material, and e0 is the vacuum permittivity.
Table 1 Structural parameters of the D33-mode piezoelectric micro-
accelerometer
Parameter Value
Length of seismic mass (lm) 2000
Width of seismic mass (lm) 2000
Thickness of seismic mass (lm) 450
Length of cantilever beam (lm) 2500
Width of cantilever beam (lm) 1300
Thickness of cantilever beam (lm) 4.5
Length of PZT thin film (lm) 1250
Width of PZT thin film (lm) 1300
Thickness of PZT thin film (lm) 1.3
Fig. 2 Polarization electric field distribution in the piezoelectric thin film at different C
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According to the relationship between the voltage and
charge for the piezoelectric material, the sensitivity of the
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In the dynamic analysis, the cantilever beam is regarded
as a mass spring system and the lowest resonant frequency
of the D33-mode piezoelectric micro-accelerometer is
obtained through a Rayleigh–Ritz method (Kampen and
Wolffenbuttel 1998; Kollias and Avaritsiotis 2005). The























Detailed calculation of voltage sensitivity and natural
frequency of D33-mode piezoelectric micro-accelerometer
can be found in our previous work (Zhou et al. 2016). The
structural parameters of the D33-mode piezoelectric micro-
accelerometer are shown in Table 1.
In the analysis of D33-mode piezoelectric micro-ac-
celerometer, the piezoelectric performance and polariza-
tion of the electrode are mainly influenced by the filling
factor C and interdigital electrode width b. Finite element
analysis (FEA) in ANSYS is used to analyze the distribu-
tion of the polarization electric field in the piezoelectric
thin film at different C and different b, as shown in Figs. 2
and 3, respectively.
As shown in Fig. 2, the polarization electrical field tends
to decrease as the C gradually increases. In fact, the
increasing C will gradually increase the distance between
adjacent interdigital electrodes, but the increased inter-
space between adjacent interdigital electrodes will weaken
the electric field that will lead to the low polarization
electric field in the PZT thin film. Based on these, a lower
value of C can enhance the intensity of polarization electric
field and improve the piezoelectric effect of the piezo-
electric thin film. In addition, upon the filling factor is
constant, the polarization electric field in the piezoelectric
thin film is found to increase with the gradual reduction of
the b value, as shown in Fig. 3. Therefore, the device
performance can be improved by decreasing the value of
b under the premise of satisfying the lithographic exposure
accuracy of the microfabrication process.
Figures 4 and 5 show the voltage distribution and nat-
ural frequency of the piezoelectric accelerometer with the
values of C of 0.5 and b of 5 lm, respectively. The sen-
sitivity of the D33-mode piezoelectric micro-accelerometer
in terms of voltage can be obtained with the integral of the
voltage in the entire electrode region. Values of parameters
in FEA in ANSYS for numerical simulation are shown in
Table 2. The PZT thin film is divided into several parts in
order to improve the accuracy of the analysis. Mechanical–
electrical coupling for calculating the piezoelectric effect is
added to the left and right sides of the partitioned PZT thin
films. Acceleration or force is loaded to the seismic mass in
Fig. 3 Polarization electric field distribution in the piezoelectric thin film at different b
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the vertical direction (z-direction), and constraints are
applied to the external frame.
When a vertical acceleration is loaded to the piezo-
electric accelerometer, a stress in the horizontal direction
occurs in piezoelectric thin films. The maximum voltage of
151.52 mV is generated in the electrodes, and the natural
frequency of the fundamental mode is 3048.8 Hz,
demonstrating that the presented D33-mode piezoelectric
micro-accelerometer can work in a wide frequency range.
Also, the natural frequency of the fundamental mode is
usually higher than the external excitation frequencies and
differs from frequencies of the other higher-order modes.
This feature of the piezoelectric micro-accelerometer can
avoid the interference from external signals and accurately
output the voltage signal.
Furthermore, the results of the modal analysis are veri-
fied by the structural response to the applied excitation
under different frequencies by using the harmonic response
analysis, as shown in Fig. 6. An impulse of output response
of the device is observed when the scanning frequency
reaches to 3084.83 Hz. This can be attributed to the reso-
nance between the loading frequency and the natural fre-
quency of the structure. Thus, the natural frequency in
modal analysis agrees well with that of harmonic response
analysis.
3 Fabrication
The micro-device of the PZT-based D33-mode piezoelec-
tric accelerometer is fabricated by using the MEMS tech-
nology. A 4-in. (100) n-type silicon wafer with thickness of
450 lm is used as substrate. The fabrication is followed by
growth of silica (SiO2) layers, spin coating of PZT thin
film, deposition of Pt/Ti electrode and deep reactive ion
etching (DRIE) of silicon. Figure 7 shows the microfabri-
cation process flow. In the first step, the Si wafer is
transferred to a tube furnace and oxidized at 1100 C for
2 h, and a 200 nm SiO2 layer is grown on both sides of the
Si wafer. The SiO2 layer can avoid direct contact between
the Ti layer and the Si substrate (Fig. 7a). Then the wafer is
patterned and etched to obtain the cantilever beam. The
SiO2 layer at the through-hole is removed by using the
buffered oxide etch (BOE), and then the exposed silicon is
etched to 4.5 lm by using plasma etching. Thus, the can-
tilever beam structure is obtained (Fig. 7b). A Ti layer with
a thickness of 5 nm is sputtered on the SiO2 surface to
increase adhesion between the SiO2 layer and the PZT thin
film (Fig. 7c). The PZT solution is deposited on the wafer
by spin-coating at 2500 rpm for 30 s. After deposition,
each layer is subjected to a two-step pyrolysis sequence. A
1-min heat treatment at 300 C is immediately followed by
an annealing at 600 C for 30 min in a vacuum tube to
make the PZT layer to be crystallized. A multi-step spin-
coating is employed to achieve the desired film thickness
(1.3 lm). The PZT thin film is patterned with lithography
and then etched (Fig. 7d). Top electrode is obtained by the
reverse lithography with positive photoresist, together with
sputtering, stripping and subsequent annealing process. In
order to further improve the sensitivity of piezoelectric
micro-accelerometer, the piezoelectric thin film needs to be
polarized after the annealing of the top electrode. The
polarization voltage is about 2–3 times that of the coercive
field strength and the polarization time is 15 min (Fig. 7e).
A 3 lm SiO2 layer and a 13 lm photoresist layer
(AZ4620) are coated on the backside of the Si wafer one by
one by using the PECVD technology and spin-coating,
Fig. 4 Voltage distribution in the D33-mode piezoelectric micro-
accelerometer
Table 2 Values of parameters used in the ANSYS for numerical
simulation
Material Si PZT
E (Pa) 1.29 9 1011 –
r 0.18 –
q (kg/m3) 2330 7550
e11 (F/m) – 1.5 9 10
-9
e33 (F/m) – 1.2 9 10
-8
C11 (N/m
3) – 1.6 9 10-11
C12 (N/m
3) – - 5.3 9 10-12
C13 (N/m
3) – 7.2 9 10-12
C33 (N/m
3) – 2.3 9 10-11
C44 (N/m
3) – 6.0 9 10-11
C66 (N/m
3) – 4.3 9 10-11
d15 (C/N) – 1.5 9 10
-10
d31 (C/N) – 3.0 9 10
-11
d33(C/N) – 8.5 9 10
-11
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respectively. The SiO2 layer and photoresist layer can be
used as the mask layer to protect the seismic mass (Fig. 7f).
The SiO2 layer is patterned and etched to expose the Si
substrate (Fig. 7g), and then deep reactive ion etching is
used to thinned the silicon. The silicon wafer is adhered to
a 7740 glass by using paraffin wax and then the silicon
wafer is etched from backside. The etching should be
closely monitored to avoid the damage of cantilever beam.
After a 107-min DRIE treatment, a 445.5 lm through-
holes can be obtained (Fig. 7h). Figure 8 shows the typical
SEM images of the developed PZT thin film. The laser
scanning confocal microscopy graph of the D33-mode
piezoelectric accelerometer is shown in Fig. 9.
Fig. 5 Mode analysis of the D33-mode piezoelectric micro-accelerometer a The 1st mode (f = 3048.83 Hz). b The 2nd mode (f = 9511.86 Hz).
c The 3rd mode (f = 9531.53 Hz). d The 4th mode (f = 36315.3 Hz)
Fig. 6 Curves of harmonic response analysis using FEA in ANSYS
for the D33-mode piezoelectric micro-accelerometer
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4 Measurement
The sensitivity characterization is performed to evaluate
the performance of the piezoelectric micro-accelerometer.
The measurement circuit in the vertical direction (z-direc-
tion) is laid on the circuit board. The micro-device is
connected to the soldering point on the ceramic circuit
board to perform the signal output. Test circuit is designed
as a sandwich structure. The micro device of the piezo-
electric accelerometer and the test circuit are distributed at
the bottom of the sandwich structure. During the test, the
piezoelectric accelerometer is connected to two charge
amplifiers, one of which converts the charge signal into the
voltage signal, and the other one is a voltage amplifier. The
amplifier delivers a feedback capacitance of 10 pF and an
amplification of 500 mV/pC. The top circuit board could
be used as a low-pass filter to reduce the noise generated in
the circuit. Package of the D33-mode piezoelectric
accelerometer package is shown in Fig. 10. The piezo-
electric micro-accelerometer is connected to an impact
table for test. Power generated from the collision with anvil
is converted into an impulsive load onto the piezoelectric
micro-accelerometer, resulting in a charge signal. The
charge signal is converted to a voltage signal by the charge
amplifier, and performance of the piezoelectric
accelerometer could be evaluated based on the maximum
output voltage. The test device setup for the D33-mode
Fig. 7 Fabrication process of
the D33-mode piezoelectric
accelerometer. a Growth of
SiO2 layer by thermal oxidation.
b Patterned and etched to obtain
the cantilever beam.
c Deposition of Ti layer.
d Preparation of PZT thin film.
e Deposition of Pt/Ti layer for
top electrode. f Growth of SiO2
layer on the back side of the
silicon wafer by PECVD.
g SiO2 at through-hole was
etched by BOE. h Release of the
seismic mass structure
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piezoelectric micro-accelerometer in this work is shown in
Fig. 11.
5 Results and discussion
Acceleration applied to the D33-mode piezoelectric micro-
accelerometer could be changed by adjusting the height of
the dropping hammer. To investigate the effect of C and
b on the output voltage, various accelerations in vertical
direction (z-direction) are applied to the piezoelectric
accelerometer with different values of C and b, as shown in
Fig. 12a, b, respectively.
Fig. 8 SEM images of the PZT
thin film. a The surface
morphology of the PZT thin
film. b The cross-sectional of
the PZT thin film
Fig. 9 The laser scanning
confocal microscopy graph of
the D33-mode piezoelectric
accelerometer
Fig. 10 The D33-mode piezoelectric accelerometer after packaged
Fig. 11 The test device for the D33-mode piezoelectric accelerometer
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It can be seen from Fig. 12 that the parameters of C and
b play important roles to the output voltage signal of the
D33-mode piezoelectric micro-accelerometer. Under the
same acceleration in the vertical direction (z-direction), the
output voltage gradually decreases as the C increase, while
the voltage signal increases as the b decreases. With the
values of C of 0.5 and b of 5 lm and an acceleration of 1 g
applied in the vertical direction (z-direction), the piezo-
electric accelerometer delivers a voltage of 149.83 mV
output from the interface circuit. This result shows that the
developed D33-mode piezoelectric micro-accelerometer in
this work can be practically used in engineering.
6 Conclusions
In this paper, a D33-mode piezoelectric accelerometer
based on the PZT thin film is developed. Compared with
the D31-mode piezoelectric micro-accelerometer, its
polarization and deformation of the piezoelectric thin film
are in the horizontal direction. The intrinsic frequency is
almost unaffected while the sensitivity can be greatly
improved. MEMS technology is used to fabricate the D33-
mode piezoelectric micro-accelerometer, especially, the
Sol–Gel method is used for deposition of the PZT thin
films. Performance of the piezoelectric micro-accelerome-
ter is tested and results show that smaller filling factor and
narrower electrode interspace are beneficial for a high
voltage output. In the future, the designed structure and
processing technology will be further improved and opti-
mized to meet requirements in different application areas,
including aerospace activating vehicle safety systems,
industrial monitoring of machine and vibration, and
biomedical inspections.
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